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A theory of light transmission through a quantum well (QW) in a magnetic field perpendicular to the QW 
plane is developed. The light wave length is supposed comparable with the QW width. The formulas for 
reflection, absorption and transmission take into account the spatial dispersion of the light monochromatic 
wave and a difference of the refraction indexes of the QW and barrier. We suppose a normal light incidence 
on the QW plane and consider only one excited energy level. These two factors influence mostly light 
reflection, since an additional reflection from the QW borders appears to the reflection due to interband 
transitions in the QW. The most radical changes in reflection appear when a radiative broadening of the 
excited energy level is small in comparison to a nonradiative broadening. Our theory is limited by the 
condition of existence of size-quantized energy levels which is satisfied for quite narrow QWs. 
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Reflection and transmission data of an electromagnetic 
wave coming through a QW contain some characteris- 
tic features carrying a valuable information about elec- 
tronic processes in QW's [Q-Q. Most interesting results 
are available for electronic systems with discrete energy 
levels. Such a situation is realized in a QW in a quantiz- 
ing magnetic field perpendicular to the QW plane or for 
excitonic energy levels in absence of magnetic field. Mod- 
ern semiconductor technologies allow to obtain QW's of 
high quality where radiative broadenings of absorption 
lines may be comparable with nonradiative broadenings 
or even exceed them. In such cases one cannot use only 
the linear approximation on the electron-photon interac- 
tion, but must take into account all the orders of this 
interaction 

Reflection, absorption and transmission of an elec- 
tromagnetic wave interacting with QW discrete energy 
levels in an interband light frequency region had been 
considered in |J|-|IJ|. Both light pulses and 
monochromatic radiation p8[ had been considered. One 
fl6[ , two [jl7],|l8| and many excited energy levels jD| had 
been taken into account. These results are rightful for 
comparatively narrow QW's, when the inequality 



nd « 1 



(1) 



is fulfilled ( d is the QW's width, and k is the modulus 
of the wave vector k of the light wave). The parameter 
K d was equalled to zero in mentioned above articles, thus 
obtained reflection, absorption and reflection did not de- 
pend on the QW's width d. 

Let us make use the wave length 0, 8 \x (a laser on 
the base of GaAs) to estimate numerically the value 
k. The energy, corresponding to this wave length, is 



fiuji = 1.6 eV. If the refraction index of the QW ma- 
terial is v = 3.5, then k = v u>i / ' c = 2.810 cm (c is the 
light velocity in vacuum). For the QW width d = 500 A 
the parameter nd = 1.4. Thus, taking into account the 
spatial dispersion may be essential for the wide enough 
QW's. 

For wide QW's the inequality d 3> ao (where ao is the 
lattice constant) is very strong, thus one can apply the 
Maxwell equations for the continuum to describe a trans- 
mission of light wave through a QW. Properly speaking, 
at such approach one has to take into account a differ- 
ence in refraction indexes of the QW and barrier. Then 
some additional reflection must appear from QW's bor- 
ders which will decrease with decreasing of the parameter 
k d, but in the region k d ~ 1 it may become equal or even 
enhance the reflection due to interband transitions inside 
of the QW. Transmission of the light wave will be also 
changed. Thus the difference in refraction indexes of the 
QW and barrier must be taken into account as well as 
the spatial dispersion of the light wave. 

Our article is devoted to a consideration of influence 
of both factors on reflection, transmission and absorption 
of an electromagnetic wave coming through a QW and 
exciting interband transitions in the QW. 



I. THE MODEL AND MAIN RELATIONS 

Let us consider a deep semiconductor QW displaced 
in the interval < z < d between two half-infinite bar- 
riers. A constant quantizing magnetic field is directed 
perpendicularly to the QW's plane (along the z axis). 
An external light wave penetrates along the z axis from 
the negative z. We suppose that barriers are transparent 
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for the light wave, which is absorbed in part inside of 
the QW, inducing interband transitions. At T = (the 
ground state) the valence band is filled completely and 
the conductivity band is empty. In an excited state at 
least one electron is transited into the conductivity band 
from the valence band where one hole remained. This 
is true in a linear approximation on the wave amplitude. 
Let us consider the light frequencies which are close to the 
QW band gap, when a small part of the valence electrons 
near the band extremum takes part in absorption and 
the effective mass approximation is applicable. For deep 
QW's one can neglect by electron tunneling into barriers 
and consider the QW-barrier border as very sharp one (a 
current is absent inside barriers). Energy levels near the 
QW bottom can be considered in an approximation of an 
infinitely deep QW, though this approximation is not a 
principal one and our theory may be extended for QW's 
of finite depths. Our system is heterogeneous one. Since 
the heterogeneity size (the QW in our case) is smaller or 
of the order of the light wave length optical characteris- 
tics of such system are to be determined from a solution 
of Maxwell equations with current and charge densities 
obtained with the help of the microscopic consideration 

The final result will be obtained for the only discrete 
energy level for the electronic system in a QW. We can 
neglect an influence of other energy levels if the exciting 
light frequency uji is close to the interband transition 
frequency uj q . In the case ?iKj_ = (fi.Kj_ is the electron- 
hole (EHP) summary quasi-momentum in the QW plane) 
discrete energy levels in the QW are excitonic energy 
levels or the Landau levels in a quantizing magnetic field 
directed perpendicularly to the QW plane. We consider 
an EHP energy level in a quantizing magnetic field. The 
Coulomb interaction is a weak perturbation for strong 
magnetic fields and not too wide QW's and it is neglected 
below M]. However the excitonic effect will not lead 
to principal changes of our results: it will change only 
the radiative broadening j r of the electronic excitation. 
This is also true for excitonic energy levels in absence of 
magnetic fields. 

Let us calculate the high-frequency current density in 
the QW induced by the exciting light. For any spatially 
heterogeneous system one can introduce the conductiv- 
ity tensor a a p (k, w|r) which links the average current 
density J(r, t) and the electric field 

J a (r, t) = (27r)~ 4 J dk J dojo a f} (k, uj\y) 

xEp (k, of) exp[i(kr — ujt)] + c.c, (2) 

Ep(k,aj) = j dv [ dt£ , /3 (r,t)exp[-i(kr- wt)]. 

(3) 



Since the temperature T = the current density is aver- 
aged on the ground state of the electronic system 



J(r,i) =<0|J(r,f)|0>, 



(4) 



where J(r, t) is the current density operator in linear ap- 
proximation on the external field. 

We make use the following expression for the conduc- 
tivity tensor [] 

cr a/3 (k,u/|r) = {i/h) { dv' f dt' 

J J — OO 

xe(i') < 1 [j a (r, t),d (r - r',t - t'> ] | >, (5) 

where Q(t) is the Haeviside function, and j a (r, t) is the 
projection of the current density without external mag- 
netic field, but taking into account the constant quantiz- 
ing magnetic field 



H = ro£A (0) (r), 



(6) 



where A^ ^ (r) is its vector potential. This operator is as 
follows 

j a (r,t) = exp(iHt/h)j a (r) exp(-iHt/h), (7) 



» a (r) = (e/2)Y,[v la S(r-r i ) + 5{r-r l )v la ], (8) 



Via = ~i{h/m )d/ dr ia - (e/m c)A^ 0) (n), (9) 

Ti. is the Hamiltonian of the electronic system in a quan- 
tizing magnetic field (but without an external electro- 
magnetic field), 

d a (r, t) — exp( iTLt/Ti) d a (r ) exp(— iHt/K), (10) 



d a {r) = e^(r lQ - < 0\r la \ >) S(r - rj ). (11) 

i 

Applying the effective mass approximation and taking 
into account the homogeneity of the system in the QW 
plane from Eqs. (2), (5) we obtain that 



J a (z,t) 



i (e/m ) 2 
Ait 2 Tioj g a 2 H 

j * j 

P cv a V C v j3 



/OO 
- oo 



3 3 * 

P cv a P cv 



oj — lu x + i^f x /2 uj + uj x + /2 

x / dz'* x {z')Ef)(z',u) (12) 



*In Eq. (5) contributions containing factors of the order 
kv/uj are omitted ( v is the electron velocity) . 
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where J a (z,t) is the current density averaged on the 
ground state of the electronic system. An additional aver- 
aging on the elementary cell is performed (which is avail- 
able under condition d ^> a q . Following designations are 
used in Eq. (12): too is the bare electron mass, huj g 
is the energy gap, an = (ch/\e\ H) x / 2 is the magnetic 
length, x is the set of the indexes 



X=(j,A), A= (n = n c = n v ,m c ,m v ), 



(13) 



j is the valence band number (since the valence band 
in cubic crystals (considered below) is degenerated), 
n c (n v ) is the Landau quantum number, m c (m v ) is the 
size quantization quantum number, 

<£> \ (z) = (2/d) sin( ir m c z/d) sin( it m v z/d) (14) 

is the product of the electron and hole wave functions 
depending on z, 



Ep {z,u) 



dtexp(iujt)E p (z,t), 



(15) 



p J cv is the interband matrix element of the quasi- 
momentum, corresponding to the transition between ex- 
tremums of the valence and conductivity bands, 

Tiw\ = hujg + e(m c ) + e(m v ) + TiO^ (n+ 1/2) (16) 

is the electronic excitation energy with indexes A, 
e(m c )(e(m v )) is the size quantized energy of electrons 
(holes), £1 M = \e\Hj\xc is the cyclotron frequency, fi — 
n^e ni h / (m e +m h) , m e (m h) is the electro (hole) effec- 
tive mass, and 7 a is the nonradiative broadening of the 
excited state with the quantum numbers A. Obtaining 
Eq. (12) we used the relation 



-(i/m LU g )p cv , 



(17) 



where r cv is the interband matrix element of the radius- 
vector r. Eq. (12) is applicable for the monochromatic 
exciting wave as well as for light pulses. 

Further we use the model (see |l5|-|l8|]) where the vec- 
tors p J cv for two degenerated bands are as follows 



p" 

ir c V 



' P cv (® x i 6 1 

P cv (g x ~T"^G^ 



(18) 



where e x , e y are the unite vectors along the axis x and 
y, and p cv is the real constant. This model corresponds 
to heavy holes in crystals with the zinc blend structure if 
the axis z is directed along the fourth order axis p2| , p3[ . 
If the circular polarization vectors are applied 

ei = (e x ±ie y )/V2, (19) 

the conservation of the polarization vector is performed 



E 

3=1, 1 1 



P J cv( e lP J c*v) 



Pc»(e;PcJ 

uj-lox + «7a/2 

1 

u - uj\ + ijx /2 lu + lu\ + ij\ jl 



1 



(20) 



where e/ is any vector of Eq. (19), what makes easy 
following calculations. Since for the model Eq. (18) the 
projection p cv z = 0, the current 3(z, i) is transverse one, 
the induced charge density p(z, t) = 0. Then one can 
choose the gage (f(z,t) = 0, where if(z,t) is the scalar 
potential and 

E(z,t) = -(l/c)(dA(z,t)/dt, H{z,t) = rotA(z,t), 

where A(z, t) is the vector potential of the electromag- 
netic wave. Applying the relation 



E a (z, u>) = (iu/c)A a (z, u>), 



(21) 



we will transit in Eq. (12) to the vector potential. The 
result may be conveniently written 

/oo 
-OO 



1 



1 



lu - uj\ + 17a /2 lu + lu\ +ij x /2_ 

x / dz' A(z' 7 uj)<P x (z') +c.c, (22) 
Jo 



where 



7 r = (2e 2 /hciy)(p 2 cv /m huj g )(\e\H/m c) (23) 

is the radiative broadening of the EHP energy level in a 
magnetic field under the condition nd = [ p~3|Jl8) , and 
the scalar A(z, oj) is introduced: 

A(z,w) = e t A(z,u}) +e ; * A* (z,-u>). (24) 



II. THE ELECTRIC FIELD OF THE 
ELECTROMAGNETIC WAVE 

We proceed below from the two assumptions. First, 
the plane wave is a monochromatic one with the fre- 
quency u>i , i. e. in Eq. (24) 

A(z,lj) = 2n5{uj-ui)A(z), (25) 

and the vector A(z, t) takes the form 

A(z,t) — e t exp(—iujit)A(z) + c.c. (26) 

Second, the only excited energy level in the QW is taken 
into account. We assume that rest energy levels are dis- 
posed far away from this level and their influence is neg- 
ligible. The equation for the scalar amplitude A(z) of the 
vector potential is 
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d 2 A/dz 2 +k\ A = 0, 
Ki = UiLOl /c, z < 0, z > d, 



(27) 



where v\ is the barrier refraction index. In the QW 
region < z < d we have the equation 



d 2 A/dz 2 +k 2 A = -(4ir/c)J(z), 



(28) 



where the scalar amplitude of the current density J{z) 
for the case of the only energy level according Eqs. (22), 
(25) is as follows 



J{z) = -(7r vu)i/A-k)^{z) I dz' A{z')${z') 

Jo 

X[(wj -oJo + (w, +uj +ii/2)- 1 ] 

+ c.c. (29) 

For the sake of simplicity we have introduced designa- 
tions 

<P x (z) = ${z), lj x =luo, 7A =7- (30) 

In the vicinity of the resonance u> i = luq the term pro- 
portional to (oji +ojq +i"f/2)~ 1 in Eq. (29) is omitted. 
Eq. (29) is integro-differential one. If one represents 
the solution of Eq. (29) as a sum of the general solu- 
tion of the homogeneous equation and the partial solu- 
tion of the non-homogeneous equation, then one obtains 
the Fredgholm integral equation of the second type [] 



A(z) = de lKZ + C 2 e~ 1 ' 



i( lr /2)F(z) 
lui - ui + i^f/2 



x / dz' A(»') $(«'). (31) 



C\ and C 2 are the arbitrary constants determined from 
boundary conditions in the planes z — and z — d, and 
the function F(z) is determined as 

F{z) = exp(i k z) I dz 1 exp(— i k z' ) $(z ' ) 



+ exp(-iKz) / dz' exp(iKz')$(z'). (32) 



If 7 r -C 7, the integral term in Eq. (31) is a small pertur- 
bation which may be counted in the first approximation 
only. If 7,. > 7, one has to take into account the whole 
iterative sequence. Representing the desirable function 
A(z) as a series 

A(z) = A (z) + A 1 {z) + A 2 (z) + 
Aq (z) = C\ exp( i k z) + C2 exp(— i k z) (33) 



tThe similar equation was considered in p3] for the in- 
version layer. 



and substituting it in Eq. (31), we obtain the recurrent 
relation 

A j {z)=sF(z) dz'<5>{z')A 3 _ 1 {z'), j = 1,2,3... 
Jo 

Making use this relation, one can reduce Eq. (33) to the 
geometric progression 

A(z) = A (z) -hsF(z)(l -se + s 2 e 2 - ...) 

= A {z)-hsF(z)/(l + ss), (34) 

where for the sake of simplicity we have designated 

I'd 

dz$(z)A = h, 



o 



i (lr/2)/{uj l -uj +ij r /2) = s 
and have introduced the complex function 



e = e' +ie" = / dz' <S>(z') F(z' ). 
Jo 



(35) 



Substituting h, s and e in Eq. (34) we obtain the solution 

A(z) = C ie lKZ + C 2 e~ lKZ 
i( 7r /2)F(z) 



lui —u + 1(7 + 7 r e)/2 
dz' (d e lKZ ' +C 2 e~ lKZ ')<i>(z'). 



(36) 



The complex value e determines broadening and the level 
shift which appear due to the spatial dispersion of the 
light wave. As it follows from the definition Eq. (35), in 
the limiting case nd — £ = i mc m „ , and the integral 
in the RHS of Eq. (36) equals to [C\ +C 2 )5 ma mv , i. e. 
only permitted transitions m c = m v contribute into the 
current. If nd ^ 0, the forbidden transition m c ^ m v 
provides the interband current and the appearance in the 
denominator of Eq. (36) the value e, however this e — > 
if k d — > Q . Let us also note that the function Eq. (32) 
F(z) = S mc mv if kg? — > 0. Below we consider only the 
permitted transitions. 

The solution of Eq. (27) is 

A 1 (z) = Aq exp(z k i z) + C r exp(— i ki z), z < 0, 
A r (z) = Ct exp(zKi z), z>d, (37) 

C r , Ct determine the amplitude of the reflected and 
transmitted wave, respectively. On boundaries z — 
and z — d the continuity of the magnetic field of the 
wave leads to the continuity of dA/dz, the continuity of 
the tangential projections of the electric field leads to 
the continuity of A(z). As a result we obtain following 
expressions for the coefficients C\ ,C 2 ,C r and Ct ■ 
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Ci=A C t (i = 1,2), C R ( T ) = AqC R (t), 
Ci = (2/A)exp(-i/td)[l + C+(l-C)A^], 
C 2 =-(2/A)(l-C)[exp(i«d)+^], 

C fl =p/A, 

C T = 4Cexp(-iKi d) [1 + exp(-i/cd)jV]/A, (38) 

A = (C + 1) 2 exp(-ind) 
— (C - l) 2 exp(i/td) 
-2 (C - 1) JV [(C + 1) exp(-i « d) + C - 1] 
p = 2i (( 2 - 1) sin red 
+2[(C 2 +l)exp(-iKd) + C 2 (39) 

In Eqs. (38), (39) we have introduced the determinations 
C = k/k 1 =u/u 1 , (40) 



TV = -sF 2 (0) 
= -t( 7r /2) F 12 (0)/ouer[w, - w + *( 7 + 7r e)/2]. (41) 

Returning to the time-representation and transiting in 
Eq. (37) from A(z) to the electric fields to the left 
(E l (z, t)) and to the right (E r (z, t)) of the QW we ob- 
tain that 



E'(«,t) = eiE e 



[ e i«> 



+ c.c. 



E r (z,t) = e / £ C T e^ (a " t -' 11 "> + c 



(42) 



(43) 



The electric field inside of the QW is determined by Eq. 
(36), if to substitute A(z) by E(z) and to transit to the 
time-representation. Expressions for fields contain e and 
F(0), and the field inside of the QW contains additionally 
F(z), which contributes into the space dependence of the 
field. For the case m c = m v — m F{z) and e are as 
follows 

F(z) = iB{2 — expiin z) — exp [in (d — z)] 

-{nd/nm) 2 sin 2 (-Kmz/d)}, (44) 



E l (z,t) = ei Eoe-^'t 

inz _ H lr /2) s K (d- z) 
VL + iT/2 

+C.C. , 



(47) 



E r (z,i) =e, Eoe^"' l - Kz) 



1 - 



»(7r/2) 



Sl + ir/2_ 

+c.c. , (48) 



where the new designations are introduced: 

tt = uji - uj - e"7 r /2, T = 7 + 7 r , 



7r = 7r 



dz exp ( i k z)<f>(z) 



7r £ 



(49) 



The field inside of the QW is 



E(z,t) = e t E e 



— ibJ i t 



i( lr /2)F(0)F(z) 



Q + iT/2 



+c.c. . (50) 



The value j r coincides with EHP radiative broadenings 
in a quantizing magnetic field calculated in p!3|^8[ at 
Ki =0 and for the arbitrary value k d. Comparing 
Eqs. (47), (48) to corresponding expressions in [M for 
fields to the left and right of the QW we find that in the 
case nd ^ the value 7 r is substituted by j r , the shift 
on the value "f r s" appears and the additional factor 
exp (i k d) appears in the expression for the induced wave 
to the left from the QW. One can make sure that the 
induced field to the left of the QW coincides with the 
induced field to the right of the QW if the value d — z is 
substituted by z. It is seen from Eq. (46) and in Fig. 1 
that 7 r decreases with growing nd. At k d 3> 1 7r — > 0, 
what corresponds to the transition from the QW to the 
bulk crystal. In such a case the contribution of the only 
energy level into induced fields and, consequently, into 
absorption and reflection approaches to zero. 

In the limiting case j r = from Eqs. (42), (43) one ob- 
tains the well known solution for a monochromatic wave 
spreading in a medium containing a transparent layer of 
another matter lEql. 



F(0) = F(d) = iB[l - expired)], 

47T 2 TO 2 

B = .. > rT^TaT' ( 45 ) 



III. REFLECTION, ABSORPTION AND 
TRANSMISSION OF AN ELECTROMAGNETIC 



k d [47r 2 m 2 - (k d) 2 ] ' WAVE 



e' = F 2 (0)exp{-iKd) = AB 2 sin 2 ( K d/2), 

e" = 25 [1 - Bsinnd- 3(k d) 2 /(8tt 2 m 2 ]. (46) 

The functions e ' and e ' ' from the parameter k d are 
represented in Fig.l. 

In the limiting case of an homogeneous medium (k i = 
k) we obtain 



Thus according Eq. (42) the electric field vector of the 
reflected wave AE \ (z, t) and of the circular polarization 
is as follows 

AE' {z,t) = eiE Q C R e~ l ^ ,t+Kl z) +c.c. (51) 

According Eq. (43) the electric field vector of the trans- 
mitted wave is 
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E r 0,i) = eiE C T e 



-i ( UJ i t — K i z) 



+ C.C. 



(52) 



Analogically to |18| let us introduce the part of the 
reflected energy TZ which is defined as the relation of the 
reflected flux energy module to the incident energy flux 
module, i. e. 

K=\C R \ 2 . (53) 
The part of the transmitted energy T equals 

T=\Ct\ 2 , (54) 
and the part of the absorbed energy A is defined as 



A=\-n-T. 



(55) 



At first let us consider an influence of the spatial dis- 
persion on a frequency dependence of reflection of a ho- 
mogeneous medium. From Eqs. (38), (39) and (53)-(55) 
we obtain 



TZ 



r 2 /4' 



A 



T 



77r/2 

n 2 +r 2 /4' 
n 2 + 7 2 /4 
n 2 +r 2 /4' 



(56) 



These expressions coincide with those without the spa- 
tial dispersion. The difference is in the substitution of 
the function 77 (77 — > ~f r nd — > 0) instead of the con- 
stant 7 r and the appearance of the function e" which 
determines the shift of the extremum of the correspond- 
ing curve and disappears in the limit k d = 0. 

The spatial dispersion is demonstrated more stronger 
in reflection in the case 7 » 7 r . Indeed, if 7 <C "f r 
the maximum of the reflection curve from Eq. (56) 
TZ m ax — 1 and does not practically depend of n d. If 
7 > 7 r , then 77 in the denominator of Eq. (56) gives 
a small contribution in the dependence from k d and this 
dependence is determined by the function 77 in the nu- 
merator. But however TZ max ~ (77/7) 2 *C 1 . Just the 
contrary picture is realized for transmission: at 7 <C "f r 
of the transmission curve T m in — {lllr) 2 <C 1 and de- 
pends noticeably from nd growing with increasing nd. 
When 7 » 7, then T = 1 and is weakly dependent 
on k d. The maximum of the absorption peak in these 
limiting cases is equal A m ax =27/77 (7 <C 7 r ) and 
A max = 277/7(7 ^ lr), in the both limiting cases 
A ma x < 1, A m ax ma x (7 » lr) A ma x 

Tmin (7 "C 7r )• The frequency dependence TZ, A, T for 
the limiting cases 7>7 r 7 <C 7r is represented in Figs. 
2-4. It is seen in Fig. 2 how the spatial dispersion influ- 
ences the height and width of the reflection peak which 
decrease with growing n d. The peak frequency shift is 
inobservable since s"j r <C 7. Vice verse, in Fig. 3 the 
spatial dispersion leads to the shift of the reflection peak 
without changing its form. Fig. 3 demonstrates also 
transmission T for the case 7 <g; j r . There are both the 



shift Tmin with growing k d and its increasing which is 
almost inobservable due to the chosen scale on the ordi- 
nate axis. In Fig. 4 absorption A is demonstrated for 
two limiting cases. On the narrow peak set (Fig. 4b, the 
case 7 < 7 r ) one can see growing of A max , as well as 
its shift. The shift appearance (as well as in Fig. 2 for 
T) is due to that A m ax ~ TV 1 an d s"lr — TV- The 
curves in Fig. 4 correspond to the case 7 » 7 r , the shift 
is small and A max decreases with growing k d. 

If one takes into account a heterogeneity of the 
medium, i. e. C 1 { v 7^ v i )? and neglects the spa- 
tial dispersion then instead of Eq. (56)one obtains the 
expressions 



TZ -- 
A-- 
T 



02 + ( 7 + C7r) 2 /4' 

C77r/2 

fi 2 +(7 + C7.) 2 /4' 

n 2 + 7 2 /4 
: ^TItTctTT 2 ^' 



(57) 



It is seen from Eq. (57) that in the limiting case instead 
of 7 r the value Clr (see Eq. (23)) figures in which the 
refractive index v\ refers to the barrier matter. This 
coincide with the result of lfl8| . 



IV. THE GENERAL CASE 

In this section the general situation is considered when 
the matter is heterogeneous and the spatial dispersion is 
essential. Making use Eqs. (38), (39) and (41) we reduce 
reflection to the expression 



TZ = 



(W2) 2 X! , _ (>/2) (y 1 n+z l r/2) 
o 2 +r 2 /4 " t "" 1 ii 2 +r 2 /4 

\A\~ 2 



|A| 2 =v 
where 



(77 /2) 2 X - (77 /2)(YQ + Z T/2) 

n 2 +r 2 /4 



(58) 



(59) 



v = 4C 2 cos 2 nd+ (C 2 + l) 2 sin 2 nd, 

vi = (C 2 - l) 2 sin 2 nd, (60) 



X = 2(C-1) 2 [C 2 +1 + (C 2 -l)coB/sd], 
X 1 =2[C 4 +1 + (C 4 -lJooB/sd], 

Y = 2(C-1) 2 (C + 1) 
x [ ( C + 1) cos k d + C — 1 ] sin k d, 
Yi = 2( 2 (C 2 - 1) sinKd, 



(61) 



(62) 
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Z = 2(C-l)(C-l)(C+l) 2 sin 2 Kd 
-2C[(C+l)cos«;d+C-l], 
Z x = 2(C- 1) 3 (C + l)sin«d. (63) 

In the denominator of the function 1Z, determined by 
Eq. (59), the function v (v ^> 1) gives the main contri- 
bution, the rest terms may be neglected . One exclusion 
is the term ~ T, which contributes essentially in the case 
7 7r ■ In the numerator TZ the function v i determines 
reflection from the QW borders. This reflection does not 
depend from the light frequency in the frequency interval 
corresponding to the peak width and disappears, as it is 
seen from Eq. (60), in the limiting cases nd — ► and 
C^O. At 7 < 7 r the first term in the numerator of 
Eq. (58) dominates in reflection , such a case TZ ~ 1. If 
7 3* 7r j the first term becomes small and the functions 
v\ are essential, as well as the term ~ f2, which produces 
some asymmetry of the reflection peak. 

The frequency dependence of reflection is represented 
in Fig. 5, one can see the sharp asymmetry of peaks 
and the non-monotonic dependence TZ max from k d. The 
non-monotone is determined by the value and sign of the 
function Y\ (62). For instance, Y\ changes from Y\ — 
0.507 (the curve nd = 1.5 in Fig. 5) up to Y x = 0.072 
(the curve nd — 3 ). In the last case the contribution 
Yifl in the peak form is small, the asymmetry is indis- 
tinguishable, since the first term in Eq. (58) dominates. 

One can see the same in Fig. 5b, but there Y\ < and 
51 > corresponds to the peak maximum. In the case 

lr -> 



TZ = 



(C 2 - l) 2 sin 2 Kd 



AC, 2 cos 2 nd + (C 2 + l) 2 sin 2 



(64) 



and corresponds to reflection from a plane transparent 
layer inserted in the matter with the different refraction 
index. Comparing Fig. 2 to Fig. 5 one can conclude 
that the medium heterogeneity leads to the more sharp 
dependence of reflection from the parameter n d. 
Absorption A and transmission T are expressed as 



A = 



4C [C 2 +1 + (C 2 -l)cos«d]77, 
|A|2 (02 +T 2 /4) 



T = 



4C 2 (ft 2 + 7 2 /4) 
|A| 2 (Q 2 +T 2 /4) : 



(65) 



(66) 



which transmit into Eq. (56) and Eq. (57) in the limiting 
cases C = 1 nd = 0. 

As it was mentioned the function v i , which is con- 
nected with reflection of the QW boundaries, and the 
term ~ Q in the numerator are essential in forming of 
the reflection curves. They determine the strong shift of 
the peak maximum and the minimum appearance. On 
the other hand the values A from Eq. (65) and T from 
Eq. (67) coincide in their form with those for the case 



of the homogenous medium: the difference is an appear- 
ance of the factors which do not depend on f2 and weakly 
depend on nd. Therefore the medium heterogeneity in- 
fluences absorption and transmission more strongly than 
reflection. 

On the base of our analysis one can make a general con- 
clusion that the spatial dispersion of the electromagnetic 
waves and the medium heterogeneities influence reflec- 
tion most strongly, changing radically the peak shape. 
These changes are most observable in the limiting case 
7>7r, when 7Z max ~ {lr ll) 2 ■ This is since the func- 
tion v i from Eq. (60) and the term linear on f2 in Eq. 
(58) are small and influence the first term only when it 
is small. In another limiting case 7 <C "f r TZ max — 1 
and their influence is practically inobservable. If one 
takes into account only the spatial dispersion or only the 
medium heterogeneity reflection changes comparatively 
weakly, since in these limiting cases v\ = Y = Y\ = 0. 
The spatial dispersion and the medium heterogeneity in- 
fluence weakly the values A T at 7 > 7 r . Indeed, as 
it follows from Eq. (65) in this case T ~ 1 and strong 
change of the small value TZ max influence weakly on T. 
The same is true for A ma x 3> TZ max . 

The dependence TZ, A T on the parameter nd, charac- 
terizing the wave spatial dispersion in a QW, is obtained 
for the rectangular QWs and infinitely high barriers. In 
real semiconductor heterostructures impurity electrons of 
barriers, overflowing into the QW, distort its rectangular 
form near the boundaries. Therefore our theory is appli- 
cable for clean matters and wide QWs, when sizes of dis- 
torted regions are small in comparison to the QW width. 
Besides the theory is applicable for deep QWs in which 
positions of energy levels and corresponding wave func- 
tions weakly differ on energy levels and wave functions 
of the infinitely deep QW. Our one-level approximation 
supposes, that the energy distance between neighbor lev- 
els is mach more than the level broadening. That leads 
to the restriction for the QW width. For example, for 
d = 500 A and m c — 0.06m the energy distance of the 
lowest size quantized energy levels is ~ 10 ~ 3 eV. 

Our results are applicable in the case of a weak influ- 
ence of the Coulomb interaction on the energy spectrum 
of light created EHPs. These corrections are small [^T|j25[ 
if 



2 „ 2 

a exc st* a H i 



& exc d, 



(67) 



where an is the magnetic length, and the Wannier-Mott 
exciton radius in absence of magnetic field is a exc — 
h 2 e / M e 2 ■ The firs inequality of Eq. (67) is satisfied in 
strong enough magnetic fields, and the second is satisfied 
better for QWs with large values of the dielectric func- 
tion and small reduced effective masses \i of the electron 
and hole. The second condition of Eq. (67) for GaAs 
is satisfied at d < 150 A, when the spatial dispersion and 
matter heterogeneities influence comparatively weakly on 
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investigated values. That is seen in Fig. 5a where the 
curve K,d — 0.175 corresponds to the GaAs QW with the 
width d ~ 62A The second inequality is approximately 
satisfied, but the shift and the reflection peak asymmetry 
are small. If the second inequality of Eq. (67) is not sat- 
isfied, the dependence of the wave function on z cannot 
be represented by Eq. (14). However the excitonic effect 
does not change principally our results: it influence only 
the radiative broadening "f r of the electronic excitation. 
The same is true for excitonic energy levels in absence of 
magnetic field. 
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FIG. 1. The functions e' and e", determining the width 
changes and the peak shifts of reflection , transmission and 
absorption in the homogeneous matter. The spatial dispersion 
is taken into account. m c (m v ) are the size quantization 
quantum numbers of electrons (holes). 

FIG. 2. Influence of the spatial dispersion on the fre- 
quency dependence of reflection 1Z for the homogeneous 
medium. £ = 1, 7/7 r = 10, 7 r = 10 _4 eU, m c = m„ =1. 

FIG. 3. Influence of the spatial dispersion on the 
frequency dependence of reflection 1Z (curves 1-3) and 
transmission T (curves 4-6) for the homogeneous medium 
C = 1,/,7/V = 0.1, 7,. = 10- 4 eU, m c = m v = 1. The 
curves 1, 4 — nd = 0; 2, 5 — nd — 1.5; 3, 6 — nd = 3. 

FIG. 4. Influence of the spatial dispersion on the frequency 
dependence of absorption A for the homogeneous medium. 
C = l,7r = 10 _4 eU, m c = m v = 1, a - 7 > -y r , b — 7 < 7r- 

FIG. 5. The frequency dependence of reflection 1Z. The 
light spatial dispersion and the medium heterogeneities are 
taken into 
account. 7 > 7,, 7r = 10 -4 , m c = m v = 1, a — £ > 1, 
the curve nd = 0.175 corresponds to GaAs, b — £ < 1. 



8 



This figure "Figl.jpg" is available in "jpg" format from: 



http://arXiv.0rg/ps/cond-mat/0 1 04262 v 1 



This figure "Fig2.jpg" is available in "jpg" format from: 



http://arXiv.0rg/ps/cond-mat/0 1 04262 v 1 



This figure "Fig3.jpg" is available in "jpg" format from: 



http://arXiv.0rg/ps/cond-mat/0 1 04262 v 1 



This figure "Fig4a.jpg" is available in "jpg" format from: 



http://arXiv.0rg/ps/cond-mat/0 1 04262 v 1 



This figure "Fig4b.jpg" is available in "jpg" format from: 



http://arXiv.0rg/ps/cond-mat/0 1 04262 v 1 



This figure "Fig5a.jpg" is available in "jpg" format from: 



http://arXiv.0rg/ps/cond-mat/0 1 04262 v 1 



This figure "Fig5b.jpg" is available in "jpg" format from: 



http://arXiv.0rg/ps/cond-mat/0 1 04262 v 1 



